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HIGHLIGHTS 


•  Cellulose  nanofibers  paper  was  used  as  the  substrates  for  supercapacitors. 

•  Layer-by-Layer  assembly  method  was  used  to  create  highly  tunable  thin  films. 

•  The  properties  of  hybrid  electrodes  with  diverse  microstructures  were  studied. 

•  The  value  of  effective  pathway  for  ion  transportation  was  demonstrated. 

•  We  report  a  method  to  prepare  electrodes  for  future  flexible  supercapacitors. 
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Cellulose  nanofibers  (CNFs)  paper  with  low  thermal  expansion  and  electrolyte  absorption  properties  is 
considered  to  be  a  good  potential  substrate  for  supercapacitors.  Unlike  traditional  substrates,  such  as 
glass  or  plastic,  CNFs  paper  saves  surfaces  pretreatment  when  Layer-by-Layer  (LbL)  assembly  method  is 
used.  In  this  study,  negatively  charged  graphene  oxide  (GO)  nanosheets  and  poly(3,4- 
ethylenedioxy thiophene:  polystyrene  sulfonate))  (PEDOT:PSS)  nanoparticles  are  deposited  onto  CNFs 
paper  with  positively  charged  polyaniline  (PANI)  nanowires  as  agents  to  prepare  multilayer  thin  film 
electrodes,  respectively.  Due  to  the  different  nanostructures  of  reduced  graphene  oxide  (RGO)  and 
PEDOT:PSS,  the  microstructures  of  the  electrodes  are  distinguishing.  Our  work  demonstrate  that  CNFs 
paper/PANI/RGO  electrode  provides  a  more  effective  pathway  for  ion  transport  facilitation  compared 
with  CNFs  paper/PANI/PEDOT:PSS  electrode.  The  supercapacitor  fabricated  by  CNFs/[PANI-RGO]8  (S-PG- 
8)  exhibits  an  excellent  areal  capacitance  of  5.86  mF  cm-2  at  a  current  density  of  0.0043  mA  cm-2,  and  at 
the  same  current  density  the  areal  capacitance  of  the  supercapacitor  fabricated  by  CNFs/[PANI— PE- 
DOT:PSS]s  (S-PP-8)  is  4.22  mF  cm-2.  S-PG-8  also  exhibits  good  cyclic  stability.  This  study  provides  a  novel 
method  using  CNFs  as  substrate  to  prepare  hybrid  electrodes  with  diverse  microstructures  that  are 
promising  for  future  flexible  supercapacitors. 

©  2013  Published  by  Elsevier  B.V. 


1.  Introduction 

Nowadays,  transparent  flexible  energy  storage  devices,  espe¬ 
cially  supercapacitors,  have  attracted  a  lot  of  attentions  [1—6].  The 
substrates  play  an  important  role  in  fabricating  supercapacitors, 
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because  they  are  crucial  for  the  basic  characteristics  of  the  devices. 
Traditional  substrates  such  as  ITO-coated  glass,  polyethylene  tere- 
phthalate  (PET),  polyethylene  naphthalate  (PEN),  polycarbonate 
(PC),  and  polyimide  (PI)  have  been  used  [7-10].  However,  several 
properties  of  them  are  unsatisfactory,  including  inflexibility,  large 
coefficient  of  thermal  expansion  (CTE),  poor  printability  and  recy¬ 
clability.  Recently,  new  biodegradable,  flexible,  and  transparent 
cellulose  nanofibers  (CNFs)  paper  may  reach  our  expectation  due  to 
its  excellent  optical  transmittance  (above  90%  in  visible  region),  low 
CTE  (about  2.7  ppm  I<-1),  high  mechanical  strength,  excellent 
flexibility  and  the  plywood-like  hierarchical  structure  [11,12  .  Due 
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to  the  carboxylic  acid  groups,  CNFs  paper  has  a  net  negative  charge 
in  aqueous  solution.  It  is  a  convenient  condition  for  Layer-by-Layer 
(LbL)  assembly,  which  avoids  the  troubles  carried  by  the  surfaces 
pretreatment  of  traditional  uncharged  substrates. 

LbL  assembly  allows  the  incorporation  of  diverse  nano¬ 
structures,  including  nanotubes,  nanosheets,  nanoparticles  and 
biomolecules  with  nanofibers  [13].  Using  LbL  assembly  method  to 
combine  nano-scale  active  materials  with  CNFs  paper,  can  not  only 
create  highly  tunable,  conformal  thin  films  [14],  but  also  maintain 
the  functional  surfaces  with  nano-scale  composition  and  structure 
[15],  which  is  significant  for  the  performance  of  supercapacitors. 
Moreover,  due  to  the  random  orientation  of  CNFs  during  paper 
formation,  the  CNFs  paper’s  surface  is  rugged,  which  shows  a 
“water  waves-like”  texture  (Fig.  SI  a  in  the  ESI).  So  CNFs  paper  may 
act  as  aqueous  electrolyte  nano-reservoirs  when  it  used  as  a  part  of 
electrodes  in  supercapacitors. 

Polyaniline  (PANI)  is  one  of  the  most  technologically  promising 
electrically  conducting  polymers  (ECPs)  used  for  electrode  mate¬ 
rials  with  its  excellent  pseudocapacitive  behavior,  low  cost,  ease  of 
synthesis  and  interesting  redox  properties  [2,16,17].  It  has  four 
redox  states  with  distinct  colors,  including  leucoemeraldine  base 
(LB,  yellow),  emeraldine  salt  (ES,  green),  emeraldine  base  (EB,  blue) 
and  pernigraniline  base  (PB,  purple)  [16,18].  The  EB  form  can  be 
easily  doped  into  the  conductive  and  electrochemically  active  ES 
form  with  positive  charges  at  low  pFI  values  (pH  <  3).  Thus,  it  can  be 
deposited  on  the  surface  of  CNFs  paper  by  electrostatic  interaction. 
In  this  study,  PANI  nanowires  (ES  form)  were  prepared  to  be  used  as 
agents  to  combine  CNFs  paper  with  negatively  charged  active 
material.  And  then,  multilayer  film  electrodes  were  prepared  by  LbL 
assembly.  Furthermore,  owing  to  interesting  electrochromic  prop¬ 
erties  of  PANI,  the  supercapacitors  fabricated  by  the  multilayer 
films  may  be  electrochromic  [8,16,19]. 

Graphene  oxide  (GO)  and  poly(3,4-ethylenedioxythiophene: 
polystyrene  sulfonate))  (PEDOT:PSS)  are  widely  used  to  prepare 
electrodes  [20-23].  Both  of  them  are  negatively  charged  in  aqueous 
solution,  so  they  can  be  used  as  the  other  kind  of  active  material 
mentioned  above.  However,  the  structures  of  them  are  totally 
different,  graphene  oxide  (GO)  is  nanosheet,  and  PEDOT:PSS  is 
nanoparticle  in  aqueous  solution.  The  dissimilar  microstructure 
may  impact  the  properties  of  the  supercapacitors.  GO  nanosheets 
are  almost  non-conducting  and  they  can  be  transformed  from  their 
insulating  state  to  conductive  state  (reduced  graphene  oxide  (RGO) 
nanosheets)  by  the  chemical  reduction  [24].  The  aggregation  of  GO 
nanosheets  during  the  reduction  process  is  inevitable,  which  will 
decrease  the  performance  of  RGO-based  supercapacitors  [25].  If 
these  GO  nanosheets  are  assembled  with  conductive  PANI  nano¬ 
wires  on  the  substrate  using  LbL  assembly  technique  under  elec¬ 
trostatic  interaction,  and  then  the  GO  nanosheets  are  reduced  to 
RGO  nanosheets,  the  compact  stacking  of  RGO  nanosheets  (the 
structural  characteristics  of  graphite)  may  be  effectively  prevented 
by  these  nanowires.  The  conductive  PANI  nanowires  can  also  act  as 
active  material  to  drop  vertical  resistivity  of  the  multilayer  thin  film 
electrodes,  and  the  pseudocapacitive  behavior  of  PANI  may  make 
up  for  the  deficiency  of  the  low  capacitance  of  RGO.  Moreover,  the 
interspace  between  RGO  nanosheets  layers  and  PANI  nanowires 
may  effectively  facilitate  diffusion  of  electrolyte  ions  [26]. 

PEDOT  has  emerged  as  one  of  the  most  widely  used  ECPs,  due  to 
its  relatively  high  electrical  conductivity  and  better  environmental 
stability  compared  with  other  ECPs  [27].  However,  PEDOT’  insolu¬ 
bilization  limits  its  application.  After  doped  with  PSS,  the  dissolv- 
ability  of  PEDOT  has  been  improved.  PEDOT:  PSS  has  been  used  as 
transparent  conductive  layer  in  supercapacitors  [21,28].  Because  of 
the  better  transparency  of  PEDOT: PSS,  the  electrodes  made  from 
PEDOT: PSS,  PANI  and  CNFs  paper  may  more  transparent  than  that 
made  from  RGO,  PANI  and  CNFs  paper.  However,  PEDOT: PSS 


nanoparticles  and  PANI  nanowires  may  form  a  dense  compact 
structure,  which  will  block  the  diffusion  of  electrolyte  ions. 

Some  efforts  have  been  made  to  investigate  the  properties  of 
PANI  incorporated  with  GO  nanosheets  or  PEDOT:PSS.  However, 
CNFs,  PANI  and  PEDOT:PSS  (or  RGO)  multilayer  films  made  by  LbL 
assembly  method,  and  the  applications  of  the  supercapacitors 
based  on  these  multilayer  film  electrodes  have  not  been  reported 
yet.  A  comprehensive  comparison  of  the  supercapacitors  made 
from  nanocomposite  film  electrodes  with  different  microstructure 
has  not  been  reported,  too. 

In  our  work,  CNFs/[PANI-GO]n  (hereafter  CPG-n,  n  is  the  number 
of  bilayers)  films  and  CNFs/[PANI-PEDOT:PSS]n  (hereafter  CPP-n) 
films  were  prepared  by  LbL  assembly  method.  Before  fabricating 
the  supercapacitors,  the  CPG-n  films  were  transformed  to 
conductive  CNFs/[PANI-RGO]n  (hereafter  CPRG-n)  films  by  the 
chemical  reduction  with  hydroiodic  (HI)  acid.  A  comparison  of  the 
supercapacitors  fabricated  by  CPRG-n  films  and  CPP-n  films  is  re¬ 
ported.  The  results  indicate  that  the  CPRG-8-based  supercapacitor 
possesses  outstanding  electrochemistry  performance  and  the  CPP- 
8-based  supercapacitor  is  more  transparent. 

2.  Experimental 

2.1.  Materials 

Hardwood  bleached  kraft  pulps  in  the  never-dried  wet  state 
with  78%  water  content,  2,2,6,6-tetramethylpiperidine-l-oxyl 
radical  (TEMPO),  sodium  bromide,  sodium  hypochlorite  solution, 
ammonium  peroxydisulfate  (APS),  aniline,  ammonium  hydroxide, 
dimethylacetamide  (DMAc),  graphite  powder  (200-325  mesh), 
concentrated  sulfuric,  potassium  peroxodisulfate,  phosphorus 
pentoxide,  potassium  permanganate,  hydrogen  peroxide,  3,4- 
ethylenedioxythiophene  (EDOT),  poly( styrene  sulfonate)  (PSS), 
ferric  sulfate.  3,4-Ethylenedioxythiophene  and  poly( styrene  sulfo¬ 
nate)  were  purchased  from  Energy  Chemical,  and  the  others  were 
purchased  from  Beijing  Chemical  Reagents  Company  with  their 
purity  being  of  analytical  grade.  Aniline  and  3,4-ethyl- 
enedioxythiophene  were  distilled  under  reduced  pressure  prior  to 
use.  The  other  chemicals  were  used  without  further  purification. 

2.2.  Preparation  of  CNFs  paper 

CNFs  suspension  was  prepared  according  to  the  literature 
method  reported  by  Isogai  [29],  and  described  in  brief  as  follows: 
TEMPO  (0.033  g)  and  sodium  bromide  (0.33  g)  were  dissolved  in 
deionized  water  (400  mL)  with  continuous  stirring.  Hardwood 
bleached  kraft  pulps  (2  g)  were  added  after  the  catalysts  have  been 
completely  dissolved.  The  oxidation  reaction  was  started  by  adding 
the  desired  amount  of  the  NaCIO  solution  (15  mmol  g_1  cellulose). 
0.5  M  NaOH  was  added  to  maintain  the  pH  of  the  reaction  solution 
at  about  10.00-10.50  at  10  °C  for  6  h.  The  TEMPO-oxidized  cellulose 
was  washed  thoroughly  with  deionized  water  by  filtration. 
2  mg  nrdr1  oxidized  cellulose/water  slurries  were  sonicated  for 
15  min  at  power  of  300  W  in  an  ice  bath.  Transparent  CNFs 
dispersion  was  prepared  by  centrifuging  at  10,000  rpm  for  10  min 
to  remove  the  unfibrilated  cellulose.  The  transparent  CNFs  disper¬ 
sion  was  used  to  prepare  CNFs  paper  by  pouring  practice.  The 
detailed  characterization  of  CNFs  and  CNFs  paper  is  provided  in  the 
supplementary  material  (Fig.  Sib,  c  and  d). 

2.3.  Preparation  of  PANI,  GO  and  PEDOT:PSS  suspension 

The  synthesis  of  PANI  suspension  was  based  on  a  previously 
reported  method  19,30,31  ]  (ESI).  Dispersions  of  GO  were  produced 
using  a  modified  Hummers’  method  [32  from  graphite  powder 
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(see  the  ESI  for  details).  The  PEDOT:PSS  suspension  is  prepared  as 
follows:  APS  (0.68  g)  and  ferric  sulfate  (0.0016  g)  were  dissolved  in 
water  (400  mL).  PSS  (0.82  g)  was  dissolved  in  water  (40  mL)  with 
continuous  stirring.  EDOT  (0.28  g)  was  added  after  the  PSS  had 
been  completely  dissolved.  Successively,  the  pH  value  was  further 
lowered  to  2-3  by  adding  several  drops  of  1  M  HC1.  The  oxidation 
reaction  was  started  by  adding  the  mixture  of  APS  and  ferric  sulfate. 
The  solution  was  stirred  for  24  h  at  room  temperature.  The 
remaining  salt  impurities  were  removed  by  treating  with  resinous 
anion  and  cation  exchangers.  The  microstructure  of  PANI,  GO  and 
PEDOT:PSS  was  investigated  with  transmission  electron  micro¬ 
scopy  (TEM),  which  provided  in  the  supplementary  material 
(Fig.  S2a,  b  and  c). 

2.4.  Preparation  of  hybrid  multilayer  thin  film  electrodes 

The  CPP-n  and  CPG-n  films  were  assembled  using  the  procedure 
shown  in  Scheme  1,  and  described  in  brief  as  follows.  Each  CNFs 
films  was  first  immersed  in  the  PANI  dipping  solution  for  3  min, 
washed  with  deionized  water  and  a  HC1  aqueous  solution  (pH 
value  =  2.6-2.9),  and  dried  with  an  air  stream.  Then,  the  PANI 
coated  CNFs  film  was  immersed  in  the  PEDOT:PSS  (or  GO)  dipping 
solution  for  3  min,  followed  by  washing  with  deionized  water  and 
dried  through  the  same  procedure.  Multilayer  films  were  grown  by 
cyclic  immersion  in  positively  charged  PANI  solutions  and  nega¬ 
tively  charged  PEDOTiPSS  (or  GO)  solutions.  Successively,  the 
multilayer  films  CPG-n  were  reduced  by  immersing  in  HI  acid 
(90  °C)  for  10  s  [33].  Here,  HI  acid  was  selected  as  the  reducing 
agent  to  yield  conductive  reduced  graphene  oxide  layers  with  good 
integrity  and  flexibility.  Finally,  the  CPRG-n  films  were  washed  by 
water  and  dried  in  air. 

2.5.  Preparation  of  the  flexible  thin  film  supercapacitors 

Scheme  1  also  shows  the  processes  of  fabricating  the  flexible 
thin  film  supercapacitors.  They  are  assembled  by  two  hybrid  paper 
in  a  traditional  two-electrode  stacked  configuration,  the  H2SO4— 
polyvinyl  (PVA)  gel  is  chosen  as  the  electrolyte  and  it  is  also  used  as 
separator  simultaneously  performs  [34].  The  supercapacitor  fabri¬ 
cated  by  CPRG-8  films  is  named  S-PG-8,  and  fabricated  by  CPP-8 
films  is  called  S-PP-8. 


2.6.  Materials  characterization 

Ultraviolet-visible  (UV-vis)  absorption  spectra  were  recorded 
on  a  Lambda  35  UV-vis  spectrometer  (Perkin  Elmer  Instruments 
Co.  Ltd.,  USA).  X-ray  photoelectron  spectroscopy  (XPS)  of  the 
samples  was  performed  on  a  PHI  5300  Photoelectron  Spectrometer 
(Perkin  Elmer  Instruments  Co.  Ltd.,  USA).  X-ray  diffraction  (XRD) 
analysis  was  carried  out  with  a  Bruker  AXS  D8  Discover  diffrac¬ 
tometer  (Germany)  using  Cu-Ka  radiation  (A  =  1.5406  A).  The  20 
range  used  in  the  measurements  was  from  10  to  30°.  Scanning 
electron  microscopy  (SEM)  was  conducted  using  a  Hitachi  S-4800 
field-emission-gun  scanning  electron  microscope  (Japan)  at  5.0  kV. 

2.7.  Electrochemical  characterization 

The  electrochemical  performances  of  the  S-PG-8  and  S-PP-8 
were  evaluated  on  a  CHI  660E  electrochemical  workstation  (CH 
Instruments  Inc.).  All  the  measurements  were  carried  out  in  air  at 
room  temperature.  Cyclic  voltammograms  were  recorded 
from  -0.2  to  0.8  V  at  scan  rates  of  2,  5, 10,  50  and  100  mV  s-1.  The 
galvanostatic  charge-discharge  (GCD)  property  was  measured  at 
the  current  densities  of  0.01,  0.02,  0.04  and  0.08  mA  cm-2  with 
cutoff  voltage  of  -0.2  to  0.8  V.  The  electrochemical  impedance 
spectroscopy  (EIS)  was  carried  out  in  the  frequency  range  of  105- 
0.001  Hz  at  a  5  mV  amplitude  referring  to  the  open  circuit  potential. 
The  charge  storage  capacitance  of  the  supercapacitors  was  studied 
by  cyclic  voltammetry  (CV)  at  a  series  of  scan  rates  and  GCD  at 
different  current  densities.  The  long  term  cycling  stability  behavior 
of  the  supercapacitors  was  assessed  using  GCD  measurements  with 
a  potential  range  between  -0.2  and  0.8  V  for  3000  cycles. 

3.  Results  and  discussion 

3.1.  Characteristics  of  the  hybrid  multilayer  thin  films 

In  order  to  get  better  adsorption  efficiency  of  PANI,  the  pH  value 
of  PANI  was  adjusted  to  2.6-2.9  by  adding  several  drops  of  1  M  HC1, 
as  monitored  by  the  UV-vis  spectra  (Fig.  S3).  The  pH  value  of  GO 
and  PEDOT:PSS  was  adjusted  to  2.5-7  for  PANI  to  remain  stable 
during  the  assembly.  It  should  be  noted  that  the  PANI  dispersions 
were  not  stable  below  pH  2.5  and  above  pH  7,  at  these  conditions, 
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Scheme  1.  Schematic  illustration  of  the  LbL  assembly  processes  used  to  prepare  the  CPP-n,  CPG-n  multilayer  films  and  the  preparation  of  the  flexible  supercapacitors. 
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polymer  would  precipitate  within  a  few  hours  of  preparation,  so 
such  conditions  could  not  be  used  to  build  up  LbL  multilayer  films. 

Successful  LbL  assembly  was  confirmed  via  UV-vis  spectros¬ 
copy  (Fig.  la,  b).  The  inset  of  Fig.  la,  b  shows  the  absorbance  of  PANI 
layer  (828  nm)  nearly  linearly  proportional  to  the  number  of  self- 
assembled  layers.  It  is  difficult  for  us  to  confirm  the  GO  and 
PEDOT:PSS  were  successfully  assembled  from  the  UV-vis  spec¬ 
troscopy,  because  the  peaks  of  GO  and  PEDOT:PSS  were  covered  by 
the  absorbance  of  CNFs  and  PANI,  respectively.  We  hypothesize  that 
the  successful  assembly  is  primarily  driven  by  electrostatic  in¬ 
teractions  between  positively  charged  PANI  particles  and  nega¬ 
tively  charged  GO  nanosheets  (or  PEDOT:PSS  particles).  To  test  this 
hypothesis,  we  carried  out  LbL  assembly  using  only  PANI  (without 
GO  and  PEDOT:PSS  suspension),  as  expected,  there  was  no 
observable  growth.  UV-vis  absorption  spectra  of  CPRG-8  hybrid 
paper  (at  266  nm,  the  characteristic  absorption  peak  of  RGO,  Fig.  lc) 
exhibits  the  successful  reduction  of  GO. 

The  surface  chemistry  of  CPRG-8  and  CPP-8  multilayer  films 
electrodes  was  further  investigated  using  XPS  spectra.  The  survey 
scan  spectra  of  CPRG-8  and  CPP-8  multilayer  films  (Fig.  S4a,  b)  show 
that  a  considerable  amount  of  oxygen  and  nitrogen  functional 
groups  within  the  films.  These  I  peaks  in  the  spectrum  of  CPRG-8 
come  from  the  residual  HI  acid  and  I2.  It  is  obvious  that  the  S  2p 
peak  in  the  spectrum  of  CPP-8  is  derived  from  PEDOT:PSS.  The  Nls 
spectrum  (Fig.  Id,  e)  shows  that  the  most  nitrogen  atoms  are  in  the 
form  of  amine  (— NH-)  centered  at  399.9  eV  in  benzenoid  amine  or 
amide  groups  [35].  Two  small  additional  peaks  suggest  that  some 
nitrogen  atoms  are  imine  groups  (=NH-)  centered  at  398.2  eV  and 
positively  charged  nitrogen  groups  (N+)  centered  at  401.1  eV  2,36]. 

Fig.  If  shows  XRD  patterns  of  CNFs  film,  CPG-8  film,  CPRG-8  film 
and  CPP-8  film.  The  diffractogram  shows  two  peaks  at  around  26 
15.6°  and  22.5°  (the  diffraction  peaks  of  GO,  RGO,  PANI  and 
PEDOT:PSS  are  not  detected),  which  is  very  similar  to  the  dif¬ 
fractogram  of  typical  cellulose  I  crystalline  structure  [37].  Due  to 
the  I  crystalline  structure  of  cellulose,  CNFs  have  the  properties  of 
low  CTE,  high  mechanical  strength  and  excellent  flexibility.  The 
diffractogram  indicates  that  CNFs  film  also  has  the  I  crystalline 


structure  of  cellulose  and  LbL  assembly  process  does  not  destroy 
the  structure.  The  CPRG-8  film  still  has  the  typical  cellulose  I 
crystalline  structure,  though  it  has  been  immersed  in  HI  acid  (90  °C) 
for  10  s  when  GO  nanosheets  were  reduced  to  RGO  nanosheets. 

The  surface  and  cross-section  morphology  of  CPRG-8  film  and 
CPP-8  film  were  examined  by  SEM  observations.  Fig.  2a,  b  shows 
that  the  surface  of  CPRG-8  film  is  rugged,  while  the  surface  of  CPP-8 
film  is  smooth.  The  texture  of  CPRG-8  film  may  act  as  internal 
electrolyte  nano-reservoirs  when  it  used  as  electrodes  in  super¬ 
capacitors.  The  cross-section  morphology  of  CPRG-8  and  CPP-8 
films  (Fig.  2c,  d)  is  different,  too.  There  are  a  lot  of  pores  on  the 
CPRG-8  film’  cross-section,  on  the  contrary,  the  cross-sectional 
microstructure  of  CPP-8  film  is  compact.  The  interspace  in  the 
CPRG-8  film  can  provide  channels  for  ions  to  diffuse  to  the  elec¬ 
trochemical  active  materials,  which  will  improve  the  performance 
of  supercapacitors  fabricated  by  the  CPRG-8  film  electrodes. 

3.2.  Capacitive  performance 

Fig.  3a,  b  exhibits  the  CV  curves  of  S-PG-8  and  S-PP-8  with  a 
potential  range  between  -0.2  and  0.8  V  at  different  scan  rates  from 
2  to  100  mV  s-1.  The  CV  curves  for  S-PG-8  exhibit  a  similar  rectan¬ 
gular  capacitive  behavior  with  a  small  portion  of  pseudocapacitive 
redox  peaks,  while  the  CV  curves  for  S-PP-8  are  somehow  distorted. 
The  rectangular  and  symmetric  shapes  of  the  CV  curves  for  S-PG-8 
indicate  that  the  electrodes  have  excellent  electrical  double  layer 
(EDL)  capacitive  behavior  with  very  rapid  current  response  on 
voltage  reversal  associated  with  EDL  capacitive  behavior  of  RGO. 
The  slighter  distortion  of  CV  curves  for  S-PG-8  results  from  pseu¬ 
docapacitive  property  of  PANI  and  the  surface  functional  groups 
attached  to  the  surface  of  RGO  such  as  carboxylic  acid  groups,  which 
makes  a  contribution  to  improving  the  capacitance  of  super¬ 
capacitors  [38].  Owing  to  RGO  and  PANI,  S-PG-8  has  the  merits  of 
both  EDL  capacitance  and  pseudocapacitance.  In  other  words,  the 
CV  curves  for  S-PG-8  demonstrate  that  both  of  RGO  and  PANI 
contribute  to  the  specific  capacitance  of  the  composite.  However, 
due  to  the  fact  that  both  PANI  and  PEDOT  are  ECPs  and  the  existence 


Fig.  1.  UV/vis  absorbance  spectra’s  of  CPP-n  multilayer  films  (a)  and  CPG-n  multilayer  films  (b),  insets  show  the  nearly  linearly  proportional  between  the  absorbance  at  the 
characteristic  peak,  (c)  UV/vis  absorbance  spectra’s  of  CPG-8  multilayer  film  and  CPRG-8  multilayer  film.  High-resolution  XPS  N1  spectra  of  CPRG-8  multilayer  films  (d)  and  CPP-8 
multilayer  films  (e).  (f)  XRD  patterns  of  CNFs  film,  CPG-8  film,  CPRG-8  film  and  CPP-8  film. 


152 


X.  Wang  et  al.  /  Journal  of  Power  Sources  249  (2014)  148-155 


Fig.  2.  SEM  images  of  (a)  the  surface  of  CPRG-8  film,  (b)  the  surface  of  CPP-8  film,  (c)  the  cross-section  of  CPRG-8  film  and  (d)  the  cross-section  of  CPP-8  film. 


of  redox  states  in  the  presence  of  dopants,  the  CV  curves  for  S-PP-8 
exhibit  obvious  portion  of  pseudocapacitive  redox  peaks. 

Owing  to  the  very  low  mass  loading  of  active  material  on  the 
multilayer  thin  film  electrodes,  most  electrodes  achieve  very  high 
gravimetric  capacitance  values,  but  poor  areal  capacitance  values 
[4].  Considering  the  real  applications,  areal  capacitance  values 
(F  cm-2)  are  more  appropriate  to  assess  the  capacitance  perfor¬ 
mance  of  thin  film  supercapacitor,  although  the  gravimetric 
capacitance  values  (F  g-1)  have  always  been  used  to  evaluate  the 
performance  for  supercapacitor  39].  To  evaluate  the  charge  storage 
capacitance  of  the  device,  the  areal  capacitance  was  calculated 
using  CV  curves  obtained  at  different  scan  rates  (Fig.  3e).  At  a  low 
scan  rate  of  2  mV  s-1,  the  S-PG-8  could  deliver  approximately 
5.72  mF  cm-2,  the  value  is  two  times  that  of  S-PP-8  (2.91  mF  cm-2). 
At  a  fast  sweep  rate  of  500  mV  s-1,  the  device  of  S-PG-8  still  obtains 
a  capacitance  of  0.16  mF  cm-2,  but  the  capacitance  of  S-PP-8  is  just 
0.058  mF  cm-2.  With  the  decrease  of  scan  rate,  the  ratio  of  S-PG-8' 
capacitance  to  S-PP-8'  capacitance  is  first  increased  and  then 
decreased  (Fig.3e,  inset).  The  reasons  for  the  change  of  the  ratio 
may  be  that  the  internal  electrolyte  nano-reservoirs  (CPRG-8  film 
and  adsorbed  electrolyte)  significantly  decrease  the  distance  of 
electrolyte  ions  diffusion  and  improve  accessible  surface  area  of 
electrode  material  with  electrolyte  and  the  interspace  between 
RGO  nanosheets  layers  and  PANI  nanowires  effectively  facilitate 
diffusion  of  electrolyte  ions.  Flowever,  at  low  scan  rates,  there  is 
enough  time  for  the  current  accumulating  process.  Therefore,  the 
penetration  of  electrolyte  ions  from  electrolyte  source  to  active 
surface  on  the  electrode  of  S-PP-8  will  be  a  lot  deeper,  which 
enabled  pseudocapacitive  property  of  PANI  and  PEDOT:PSS  in  S-PP- 
8  to  be  put  into  good  use,  thereby  resulting  in  a  trend  that  the  areal 


capacitance  of  S-PP-8  catch  up  with  that  of  S-PG-8.  In  short, 
diffusion  of  electrolyte  ions  plays  a  decisive  part  in  the  capacitance 
improvement  at  a  fast  sweep  rate,  but  if  there  is  enough  time  for 
the  electrolyte  ions  diffusing  into  S-PP-8,  pseudocapacitive  prop¬ 
erty  occupies  a  dominant. 

Fig.  3c,  d  shows  the  GCD  curves  of  S-PG-8  and  S-PP-8.  The  near 
triangular  shape  of  the  curves  for  S-PG-8  indicates  that  the  com¬ 
posites  have  good  capacitive  behaviors  and  rapid  current-voltage 
response.  Flowever,  the  charge  and  discharge  curves  are  not 
perfectly  straight  line  due  to  the  presence  of  pseudocapacitance, 
which  might  be  associated  with  the  existence  of  PANI  and  oxygen 
containing  functional  groups  of  RGO.  The  distorted  triangular  shape 
of  GCD  curves  for  S-PP-8  mainly  attributes  to  pure  pseudocapaci¬ 
tance  [40].  The  GCD  curves  for  S-PG-8  show  a  lower  IR  drop  during 
the  discharge  compared  to  that  of  the  S-PP-8,  clearly  indicating  the 
better  conductivity  of  the  active  materials  in  S-PG-8.  The  capaci¬ 
tances  obtained  through  CV  data  are  similar  to  those  from  the  GCD 
measurement,  as  shown  in  Fig.  S5  in  the  ESI.  With  the  decrease  of 
current  density,  the  areal  capacitances  of  S-PP-8  is  up  to 
4.37  mF  cm-2  at  a  current  density  of  0.00405  mA  cm-2,  which  is 
closer  and  closer  with  the  capacitance  performance  of  S-PG-8.  The 
areal  capacitance  of  S-PG-8  is  5.86  mF  cm-2  at  a  current  density  of 
0.0043  mA  cm-2,  and  S-PP-8  also  exhibits  an  excellent  areal 
capacitance  of  4.22  mF  cm-2  at  the  same  current  density. 

The  electrochemical  performance  of  S-PG-8  and  S-PP-8  were 
further  examined  by  the  EIS  analysis  in  a  frequency  range  of  105- 
0.001  FIz,  are  shown  as  Nyquist  plots  in  Fig.  3f.  In  the  high- 
frequency  region,  the  real  axis  intercept  is  the  equivalent  series 
resistance  (ESR).  Owing  to  only  a  few  active  materials  on  the 
multilayer  thin  film  electrodes,  the  ESR  values  of  both  S-PG-8  and 
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Fig.  3.  Typical  CV  curves  of  S-PG-8  (a),  S-PP-8  (b)  device  at  different  scan  rates.  Typical  galvanostatic  charge-discharge  curves  of  S-PG-8  (c),  S-PP-8  (d)  device  at  different  current 
densities,  (e)  The  areal  capacitance  of  S-PG-8  and  S-PP-8  device  at  different  scan  rate.  The  inset  shows  the  ratio  of  S-PG-8’  capacitance  to  S-PP-8’  capacitance  is  first  increased  and 
then  decreased,  (f)  EIS  with  sweep  frequency  of  105-0.001  Hz.  The  inset  shows  the  magnified  high-frequency  and  medium-frequency  regions. 


S-PP-8  are  very  high.  The  ESR  value  of  S-PP-8  is  higher  due  to  the 
lower  conductivity  of  PEDOT  (compared  with  RGO),  which  agree 
with  the  results  obtained  from  GCD  curves.  In  the  medium- 
frequency  region,  the  inclined  Warburg  resistance  line  with  a 
slope  of  about  45°  above  the  knee  frequency  is  representative  of  the 
diffusion  of  electrolyte  ions  within  porous  electrodes  [41,42].  The 
projected  length  of  the  Warburg  curve  on  the  real  impedance  axis 
characterizes  the  ion  penetration  process  [42].  The  Warburg  length 
of  the  S-PG-8  is  extremely  shorter  than  that  of  S-PP-8  indicates  the 
fast  electrolyte  ion  diffusion  in  the  electrode  of  CPRG-8,  which 
corresponds  with  the  CV  results.  At  low  frequencies  region,  S-PG-8 
device  exhibits  a  straight  and  nearly  vertical  line  indicates  the  ideal 


capacitive  behavior  of  the  device.  The  knee  frequencies  of  the  S-PG- 
8  and  S-PP-8  device  are  3162  and  56.2  mHz,  respectively.  Generally, 
a  higher  knee  frequency  corresponds  to  a  better  rate  performance 
[41],  which  also  indicates  the  more  excellent  electrochemical  per¬ 
formance  of  S-PG-8. 

Fig.  4a  shows  the  long  term  cycling  stability  behavior  of  flexible 
thin  film  supercapacitors  that  were  examined  using  GCD  with  a 
potential  range  between  -0.2  and  0.8  V.  After  1000  times  of  cycling, 
the  capacitance  of  S-PG-8  is  78.3%  retention  of  the  initial  capaci¬ 
tance.  After  more  2000  times  of  cycling,  the  capacitance  of  S-PG-8 
demonstrates  a  good  cycling  stability  with  only  a  4.6%  fall  in  the 
capacitance  of  1000  times  of  cycling  (Fig.  4a,  inset).  Interestingly,  the 
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Fig.  4.  (a)  Cycling  stability  of  S-PG-8  and  S-PP-8  device  over  3000  cycles.  The  inset  shows  the  good  cyclic  stability  of  S-PG-8  after  1000  times  of  cycling,  (b)  Transmission  of  S-PG-8 
and  S-PP-8  device.  Comparison  of  CV  curves  at  10  mV  s-1  for  S-PG-8  (c)  and  S-PP-8  (d)  device  tested  under  normal  and  bent  state. 


capacitance  of  S-PP-8  decreased  to  27.9%  after  1900  cycles  and 
sharply  increased  to  139.4%  from  2500  times  of  cycling  to  3000 
times  of  cycling,  which  indicates  the  stability  of  S-PG-8  is  radically 
improved  by  RGO  when  compared  with  that  of  only  ECPs.  From 
Fig.  4a,  S-PP-8  shows  a  less  retention  than  S-PG-8  before  2500  cy¬ 
cles,  but  the  former  shows  a  higher  retention  than  the  latter  after 
2500  cycles.  The  reason  for  this  may  be  that  the  diffusion  of  elec¬ 
trolyte  ions  from  electrolyte  source  to  the  electrochemical  active 
materials  on  the  electrode  of  S-PG-8  is  faster  than  that  of  S-PP-8 
which  has  been  demonstrated  by  the  results  obtained  from  the  SEM 
images  and  the  characteristic  of  areal  capacitance.  According  to  our 
results,  the  PEDOT:PSS  layer  played  an  important  role  in  reducing 
the  inner  resistance  and  improving  the  capacitance  of  S-PP-8. 
However,  because  the  diffusion  of  electrolyte  ions  is  a  slow  process 
in  S-PP-8,  most  of  PEDOT:PSS  is  inoperative  at  first.  On  the  contrary, 
the  faster  and  deeper  diffusion  of  electrolyte  ions  in  S-PG-8  enables 
most  of  the  electrochemical  active  materials  to  be  used  and  the 
excellent  EDL  capacitive  behavior  of  RGO  plays  an  important  role  for 
the  stability,  so  S-PG-8  shows  a  higher  retention  than  S-PP-8  before 
2500  cycles.  After  2500  cycles,  with  the  penetration  of  electrolyte 
ions  of  S-PP-8  becoming  deeper  and  deeper,  pseudocapacitive 
property  of  PANI  and  PEDOT:PSS  in  S-PP-8  will  be  put  into  good  use, 
thereby  resulting  in  S-PP-8  shows  a  higher  retention  than  S-PG-8. 

3.3.  Transparency  and  flexibility  test 

Although  S-PP-8’  electrochemical  performance  is  not  as  good  as 
S-PG-8’s,  its  transparency  is  better  than  S-PG-8’s,  which  is  pivotal 


for  a  transparent  flexible  electrochromic  device.  Compared  with  S- 
PP-8,  the  transmittance  of  S-PG-8  is  lower  at  550  nm,  as  a  result  of 
GO’  color  (dark  brown).  Transmittance  of  S-PG-8  and  S-PP-8  are 
about  30.6%  and  about  47.1%  (at  550  nm),  respectively  (Fig.  4b).  In 
addition,  S-PG-8  and  S-PP-8  also  exhibit  highly  flexible,  and  the 
capacitive  performances  of  S-PG-8  and  S-PP-8  are  almost  no  change 
obviously  in  the  bent  states  (Fig.  4c,  d). 

4.  Conclusions 

In  conclusion,  a  simple  method  is  provided  to  prepare  hybrid 
multilayer  thin  film  electrodes  using  transparent  CNFs  paper  as  the 
substrates  by  nano-scale  blending  LbL  assembly  based  on  electro¬ 
static  interactions.  And  then,  two  different  transparent  flexible  thin 
film  supercapacitors  S-PG-8  and  S-PP-8  were  successfully  fabri¬ 
cated  by  these  thin  film  electrodes.  With  electrochemical  testing, 
we  found  that  the  CPRG-8  electrodes  can  effectively  facilitate 
diffusion  of  electrolyte  ions,  and  the  supercapacitors  fabricated  by 
CPRG-8  exhibits  more  excellent  electrochemical  performance, 
benefiting  from  the  EDL  capacitive  behavior  of  RGO  and  pseudo¬ 
capacitive  property  of  PANI  synergistically.  The  areal  capacitance  of 
S-PG-8  is  up  to  5.86  mF  cm-2  at  a  current  density  of 
0.0043  mA  cm-2,  and  at  the  same  current  density  the  areal 
capacitance  of  S-PP-8  is  4.22  mF  cm-2.  S-PG-8  also  exhibits  good 
cyclic  stability.  However,  the  capacitance  of  S-PP-8  is  unstable  in 
the  long  term  cycling.  The  transmittance  of  S-PP-8  is  about  47.1%  (at 
550  nm),  while  that  of  S-PG-8  is  about  30.6%  (at  550  nm).  The  better 
transparency  of  S-PP-8  is  pivotal  for  transparent  flexible  device.  The 
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transparent  flexible  thin  film  supercapacitors  also  exhibit  excellent 
bending  stability.  Our  work  provides  a  method  to  prepare  hybrid 
electrodes  with  diverse  microstructures  for  future  flexible  super¬ 
capacitors  based  on  transparent  CNFs  paper. 

Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2013.09.130. 
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